Abstract-Three-phase voltage source converters (VSCs) are often connected in parallel to realize the high current output converter system. The harmonic quality of the resultant switched output voltage can be improved by interleaving the carrier signals of these parallel-connected VSCs. As a result, the line current filtering requirement can be reduced. However, an additional inductive filter is required to suppress the circulating current. The integrated inductive component, which combines the functionality of the line filter inductor and the circulating current inductor is presented in this paper. An analysis of the flux density distribution in the integrated inductor is presented and design procedure is described. The analysis has been also verified by performing finite-element analysis. The advantage offered by the use of the integrated inductor is demonstrated by comparing its volume with the volume of the state-of-the-art filtering solution. The performance of the integrated inductor is also verified by the experimental measurements.
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NOMENCLATURE α
Ratio of the maximum current ripple to the peak value of the fundamental frequency component of the current. Cross-sectional area of the air gap.
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A w
Area of each of the windows in the cell structure. A c, CI Cross-sectional area of the core of the coupled inductor (CI).
A c,bl
Cross-sectional area of the bridge leg.
A c,l
Cross-sectional area of the limb.
A cu
Cross-sectional area of the coil. A w , CI Window area of the CI.
B m ,bl
Maximum allowable value of the flux density in the bridge leg.
B m ,c
Maximum allowable value of the flux density in the cell. Input terminal of the kth coil of phase x.
I. INTRODUCTION
T HREE-PHASE voltage source converter (VSC) is commonly used in many power electronics applications and often connected in parallel to realize medium-/high-power converter systems [1] , [2] . The switching frequency of the semiconductor devices, used in medium-/high-power applications, is often limited [3] . Therefore, such systems may require large filter components to meet the stringent power quality requirements imposed by the utility [4] . The use of the large filter components occupy significant amount of space [5] and increase the cost of the overall converter system [6] .
The size of the line filter components can be reduced by improving the output voltage waveform quality. In a system with parallel-connected VSCs, this can be achieved by interleaving the carrier signals [7] - [12] . For a system with parallel-connected VSCs, the resultant voltage of a given phase is the average of the switched output voltages of that phase of the individual VSCs. As a result of the interleaving of the carrier signals, the switched output voltages of the corresponding phase are shifted with respect to each other by an interleaving angle. Therefore, some of the harmonic frequency components present in the individual switched output voltages are either completely canceled or significantly reduced in the resultant output voltage. This helps to achieve the desired line current quality with relatively small line filter components. However, when connected to the common dc link, the circulating current flows between the parallel VSCs due to hardware and control asymmetries [13] and increases significantly when the carriers are interleaved [12] . This unwanted circulating current increases the stress on the semiconductor switches and causes additional losses. Therefore, it should be suppressed to some acceptable limits.
The circulating current can be avoided by providing galvanic isolation between the parallel VSCs using the multiple winding line frequency transformer [14] . However, the use of the bulky line-frequency transformer adds to the cost and increases the size. Another approach is to suppress the circulating current to some acceptable limit by introducing impedance in the circulating current path. This can be achieved by 1) using common-mode (CM) inductor in series with the line filter inductor for each of the VSCs [8] ; 2) using the coupled inductor (CI) to suppress the circulating current by providing magnetic coupling between the parallel interleaved legs of the corresponding phases [15] - [20] (refer Fig. 1 ). In both of the aforementioned approaches, the following two distinct magnetic components are used: 1) circulating current inductor L c (CI / CM inductor); 2) line filter inductor L f (commonly referred to as a boost inductor) for improving the line current quality. The volume of the inductive components can be reduced by integrating both of these functionalities into a single magnetic component. A single-phase integrated inductor for the two parallel interleaved VSCs is proposed in [21] . The magnetic structure of this inductor has two side limbs and a central limb. 
The maximum value of the circulating flux component is given as [22] 
The φ x,c max depends only on the dc-link voltage V dc , the number of turns N , and the switching frequency f c . Therefore, the introduction of the two air gaps in the magnetic path of the φ x,c does not bring any advantage in terms of the size reduction (However, depending upon the control scheme employed, small air gap may be needed to avoid the saturation). In addition, it is difficult to realize the inductor using the standard cores, when the length of the air gaps in the side limbs and the central limbs are different. Moreover, the solution presented in [21] is only applicable to two parallel interleaved VSCs. The circulating current suppression for three parallel VSCs is presented in [20] . Three-limb magnetic core is used for the CIs and single-phase inductors are employed for the line current filtering of each of the phases. The magnetic integration of all these components in a single magnetic structure can further reduce the volume of the overall system. A three-phase integrated inductor for arbitrary number of parallel interleaved VSCs is proposed in this paper. The proposed integrated inductor combines the functionality of both the line filter inductor L f and the circulating current inductor L c . The magnetic structure and the detailed analysis of the proposed three-phase integrated inductor is presented in Section II. Section III summarizes the design methodology of the integrated inductor. A comparison between the proposed inductor and the state-of-the-art solution, which uses a separate CIs for each of the phases and a three phase line filter inductor L f , is also presented. Simulations and experimental results are given in Section IV.
II. INTEGRATED INDUCTOR
The magnetic structure, modeling and analysis of the proposed integrated inductor for n number of parallel interleaved VSCs is presented in this section.
A. Magnetic Structure
The magnetic structure of the proposed three-phase integrated inductor for n number of parallel VSCs is shown in Fig. 2 (a) (n = 4 in the illustration). The simplified arrangement of the integrated inductor is also shown in Fig. 2(b) . The magnetic core is composed of three identical magnetic structure belonging to each of the phases of the three-phase system. Such magnetic structure is referred to as a cell. Each cell contains n limbs, magnetically coupled to each other using the yokes, as shown in Fig. 2(a) . Small inherent air gap exists when the limbs and the yokes are arranged together to form the cell structure. Therefore, an intentional air gap is avoided (which otherwise may be needed to avoid saturation) to achieve high circulating current filter inductance L c . Each limb carries a coil having N turns and all the coils are wound in the same direction. For a three-phase system, three such cell are used, as shown in Fig. 2(a) . The cells of all the three phases are magnetically coupled using the top and bottom bridge yokes. The necessary air gaps are inserted between the cells and the bridge yokes. The magnetic structure shown in Fig. 2(a) has six ventilation channels that can be used for guiding the air flow from bottom to top for better cooling.
The start terminal of the coils of a cell belonging to phase x is connected to the output terminal of the respective VSC leg x k of the corresponding phase and the end terminal is connected to a common connection point of that phase x c , as shown in Fig. 2(b) . The magnetic structure, as shown in Fig. 2 (a), is asymmetrical for n > 2. However, symmetrical cells can be realized using alternative cell structures, as shown in Fig. 3 . In the interest of brevity, the analysis is presented for the symmetrical cell structure.
B. System Description
Equation (3)- (6) are shown at the bottom of the page. Referring to Fig. 2(b) and by neglecting the resistance of the coils, the switched output voltages (with respect to the fictitious midpoint of the dc-link o) are given as
where the corresponding current and voltage vectors and the inductance matrix L are given in (3)- (6) . Let the average of the switched output voltages of phase x be V x v o and it is represented as
The resultant line current of a particular phase is the sum of all leg currents of that phase and it is given as
For the parallel interleaved VSCs, the leg current I x k can be split into following two components: 1) the component contributing to the resultant line current I x k ,l ; 2) the circulating current I x k ,c . and it can be represented as
The circulating current components I x k ,c do not contribute to the resultant line current. Therefore, (9) can be rewritten as
Assuming an equal line current sharing between the parallel VSCs, the common component of the leg current is obtained as
Once the current quantities are defined, the qualitative analysis of the magnetic couplings is presented by performing the finiteelement analysis and the inductances values of the matrix L are obtained by solving the reluctance network, which is discussed in following subsections.
C. Finite-Element Analysis
Due to the pulsewidth modulation (PWM), the switched output voltage V x k o has undesirable harmonic frequency components in addition to the required fundamental frequency component. When the carrier signals are interleaved, some of the harmonic frequency components of the switched output voltages of the parallel interleaved legs are phase shifted with respect to each other, whereas the rest of the harmonic frequency components are in-phase [23] , [24] . The effects of these two distinct voltage components on the flux density distribution in the integrated inductor is evaluated by performing finite-element analysis of an integrated inductor for the three parallel interleaved VSCs. The magnetic structure of the integrated inductor is shown in Fig. 4 .
1) Effect of the In-Phase Harmonic Frequency Components:
All three coils of the phase a are excited by equal and in-phase fundamental frequency currents. The flux density vector distribution in this case is shown in Fig. 5 , where the flux direction is indicated by the arrows. The flux density distribution in all three limbs of the cell is almost symmetrical and the flux linkage between the coils of the same phase is zero, as shown in Fig. 5(a) . The flux due to the flow of the in-phase current in the kth coil of phase a, couples with the kth coils of the phase b and the phase c. For example, the induced flux due to the fundamental frequency component of I a 1 only links with coil b 1 and coil c 1 and completes its path through two air gaps and the corresponding top and bottom bridge yokes, as shown in Fig. 5(b) . Therefore, the magnetic coupling coefficient between the kth coil of one of the phase and the jth coil of the other phase (where k = j) can be considered to be zero.
2) Effect of the Phase-Shifted Harmonic Frequency Components:
Assuming symmetrical VSC legs, the magnitude of the harmonic frequency components in the switched output voltages of each of the interleaved legs is considered to be equal. If the interleaving angle σ between the successive carrier signals is taken to be the same σ = 2π/n (symmetrical interleaving), then the effect of the phase-shifted harmonic components is canceled in the resultant voltage [23] , [24] . Therefore, the phase-shifted harmonic frequency components only appears across the corresponding coils and does not influence the resultant output. The flux density vector distribution, when the switching frequency component with equal magnitude and symmetrical phase shift is applied across the coils of phase a, is shown in Fig. 6 . The induced flux is mainly confined to the cell. For example, the induced flux due to the phase-shifted component of the voltage across coil a 1 links with coil a 2 and coil a 3 and does not link Neglecting the leakage, the flux that links with each of the coils can be divided into two distinct components:
1) the flux component, which links with the corresponding coils of the other two phases (referred to as the common flux component φ x k ,l ); 2) the flux component, which links with the remaining coils of the cell belonging to the same phase ( referred to as a circulating flux component φ x k ,c ). Considering symmetrical cell structure, the inductances can be represented as
The −ve sign is used to represent the L m and L m 1 and the same convention has been followed throughout the paper. Neglecting the leakage flux, the self-inductance of each of the coils is given as
D. Equivalent Electrical Circuit
By substituting these inductance values into (6) and averaging the pole voltages of each of the phase gives For the three-phase three-wire system, I a + I b + I c = 0 and the inductance offered to the resultant line current is given as
The behavior of the circulating current can be described by subtracting the averaged pole voltage from the pole voltages of the corresponding phases and further simplification of those equations give
where
Using (18) and (19) , the electrical equivalent circuit is obtained and it is shown in Fig. 7 
E. Reluctance Network
The relationship between the inductance values and the physical parameters of the integrated inductor is obtained by solving the reluctance network and presented in this subsection.
The simplified reluctance model of the three-phase integrated inductor with the symmetrical cells is shown in Fig. 8 . The reluctance of each of the leg is and it is given as
The equivalent reluctance of the air gaps ( g ) and the bridge yoke ( by ) is represented by 1 and can be written as
The reluctance of the air gaps is generally large compared to the reluctance of the bridge yoke. Therefore, 1 can be approximated to be 2 n g . By solving the reluctance network, the flux linking with each of the coils is given as
Averaging the flux linkages of each of the phase group gives
As per the definition of the circulating current
Using (18), (25) , and (26), the inductance offered to the resultant line current is given as
since, n 1 >> , the line inductance can be given as
As it is evident from (29), the line inductance value mainly depends on the geometry of the air gap. The values of the circulating current inductance can be obtained by subtracting (26) from (25) as
Using (19) and (30), the expression for L m 1 is obtained as
It is evident that L m 1 is independent of the air gap geometry and depends only on the reluctances of the limb and yokes (and the reluctance of the inherent air gaps). The value of the L m 1 , and therefore, the inductance offered to the circulating current can be increased by using high permeability magnetic material for the cells. 
III. DESIGN AND VOLUMETRIC COMPARISON
The design methodology of the integrated inductor for gridconnected unity power factor application is presented in this section and the results are compared with the state-of-the-art solution of using three separate CIs and one three-phase line filter inductor. Design equations for three parallel interleaved VSCs are presented for the core geometry shown in Fig. 4 . However, the design methodology presented in this paper is applicable to any number of parallel interleaved VSCs.
A. PWM Scheme
The flux in the core is strongly influenced by the PWM scheme used [25] . The use of the center aligned space-vector modulation (SVM) is considered in this paper. Each of the VSCs cycles through four switch states in each switching cycle. • .
B. Maximum Flux Values
The flux waveforms in various parts of the integrated inductor are shown in Fig. 9 . The flux components can be classified into three categories: 
1) Common Flux Component:
The common flux component can be obtained from (25) and it is given as
The resultant line current I x is a combination of a fundamental frequency component I x , f and a ripple component ΔI x . Therefore, (32) can be rewritten as
The maximum value of ΔI x depends on the PWM scheme, the modulation index M , the dc-link voltage V dc , the switching frequency f c [25] , and the line filter inductor L f . Considering the balanced three-phase system, the design equations for only phase a are derived. For the unity power factor applications, the fundamental component of the resultant line current is maximum for full-load condition at ψ = 0 • . The ripple component of the line current for M > 4 9 at ψ = 0
• is given as
where the modulation index M is defined as
The worst-case value of the common flux component φ a k ,l max is 
(37) For n = 3, the flux linkage of coil a 1 due to the circulating flux component is given as
The switching sequences and the switched output voltages of the phase a of all three VSCs are shown in Fig. 10 . T 1 , T 2 , T 0 , and T 7 are the dwell times of the voltage vectors − → V 1 , − → V 2 , − → V 0 , and − → V 7 , respectively. The flux linkage due to the circulating flux component in a given switching cycle is shown in Fig. 10 for the modulation index M = √ 3/2 and the space vector angle ψ = 20
• . The peak value of the flux linkage is different in each switching cycle due to the change in the dwell times of the voltage vectors, as shown in Fig. 11 . The flux linkage due to the circulating flux component is independent of the load and depends only on the modulation scheme, the dc-link voltage, and the switching frequency. The maximum value of the peak flux linkage occurs at the ψ = 90
• , 270
• (refer Appendix) and it is given as
Let the CM flux be
After some mathematical manipulation, this can be represented as
From (41), it is clear that the CM flux component φ CM 1 of VSC1 is composed of the circulating flux component of all the phases of that VSC. As the low reluctance path for the circulating flux component of each of the phase exists in the proposed structure, high value of the inductance for the CM circulating current is also achieved.
3) Maximum Flux in Various Parts of the Integrated Inductor:
For the unity power factor applications considered in this paper, the resultant flux component φ a k ,l reaches the maximum value at ψ = 0
• , whereas φ a k ,c attains maximum value at ψ = 90
• . The total flux in the limbs of the integrated inductor is a vector sum of the φ a k ,l and the φ a k ,c . Therefore, the maximum value of the flux in the limbs is given as
The circulating flux component at ψ = 0
• is given as (refer Appendix)
In most grid-connected applications, the modulation index varies in a small range around 1. Once the range of the modulation index is defined, the maximum value of φ a k ,c | ψ =0 • can be obtained using (43). The flux in the limb at ψ = 0 • can be obtained using (36) and (43) and it is given as
Similarly, the flux in the limb at ψ = 90
The value of the common component of the flux at ψ = 90
Using (39), (45), and (46), the flux in the limb at ψ = 90
Values of the φ a k | ψ =0 • and φ a k | ψ =90 • are calculated using (44) and (47), respectively. From these values, φ a k max can be obtained using (42). The common flux component completes its path through the bridge yokes and corresponding legs of the other two phases. Therefore, the maximum value of the flux component in the bridge yokes is φ a k ,l max and can be obtained by using (36).
C. Design Methodology
The steps toward the design of the integrated inductor are described in this subsection.
1) Calculation of the Line Filter Inductance L f :
The required value of the line filter inductance L f can be calculated based on the permissible value of the ripple component of the resultant line current and it is given as
Let α be the ratio of the maximum current ripple to the peak value of the fundamental frequency component of the current and it can be written as
Substituting (35) and (49) into (48), the inductance value at rated grid voltage can be obtained as
2) Area Product Requirement: The product of the crosssectional area of the limb A c,l and the window area A w is referred to as an area product in this paper and it is used for the design of the integrated inductor.
The ripple component in the common flux component is very small compared to the ripple of the circulating flux component and its effect in the total flux can be neglected. In this case, the magnetic flux density in the limb at ψ = 0
• and ψ = 90
• can be obtained from (44) and (47), respectively. The values of the flux densities are
The values of the B a k | ψ =0 • and B a k | ψ =90 • should be less than the maximum allowable value of the flux density B m ,c . Each window in the integrated inductor receives two coils with the same number of turns. The circulating current is suppressed effectively and its contribution in the rms value of the total current can be neglected. In this case, the number of turns can be expressed as
Using (51) and (52), the area product requirements to ensure that the maximum value of the flux density remains within the maximum allowable value B m ,c . These values can be expressed as The area product requirement is given as
3) Core Selection for the Cell and Number of turns: Based on the computed value of the area product A c,l A w , the suitable core should be selected. Once the cross-sectional area of the limb A c,l is know, the number of turns can be obtained from (51) and it can be given as
4) Core Selection for the Bridge Legs:
The cross-sectional area of the bridge leg is obtained from the (36) and it can be given as
5) Air Gap Geometry:
The geometry of the air gap is obtained form (29) as
The air gap area A g depends on the dimensions of the cell and the bridge legs, as shown in Fig. 4 . Once A g is known, the value of l g can be obtained using (58). In case of the requirement of the large air gap, several discrete air gaps can be realized using the core blocks that can be placed between the cells and the bridge yokes.
D. Design Example
An integrated inductor is designed for the three parallel interleaved VSCs. The system specifications are given in Table I . A laminated steel with 0.35-mm lamination thickness is used for the bridge yokes, whereas the cells are made up of amorphous metal alloy. Each of the coils has 81 number of turns (N = 81). Various constants that are used in the design, are specified in Table II . The geometrical parameters of the designed integrated inductor, defined in Fig. 4 , are listed in Table III . The cell All Dimensions are in mm. Unit of the area is mm 2 . See Fig. 4 for definitions.
structure is realized using the rectangular blocks of the amorphous alloy and six inherent air gap exists in the cell structure. This would influence the value of the circulating current inductance L c . For the brevity, the analysis presented in Section II-A assumes symmetrical cell structure, whereas the cell structure is asymmetrical in the realized integrated inductor. The circulating current inductance L c of the realized inductor is calculated using the finite-element analysis and it is found to be 
The inherent air gap is taken to be 0.15 mm for this finite-element analysis.
E. Volumetric Comparison
The advantages offered by the proposed integrated inductor is demonstrated by comparing it with the system with three separate CIs and a three-phase line filter inductor L f . Such system is shown in Fig. 1 . Separate CI is used for each of the phases. For n = 3, three-limb magnetic structure is required. Similarly, three-limb magnetic structure is used for the line filter inductor. The area product approach is used to design these components as well. The maximum value of the flux density B m and the current density J are assumed to be the same in both the cases.
1) Three-Limb CI: Using (39) and (56), the area product of the CI is obtained as
For the integrated inductor, where
• , the ratio of the area product of the integrated inductor to the area product of the CI can be obtained from (53) and (60) and it can be written as
For the system parameters specified in Table I , the area product of the integrated inductor is 11.6% higher than that of the CI. However, the state-of-the-art solution requires line filter inductor L f and the area product requirement of the L f is discussed in the subsequent text.
2) Three-Phase Line Filter Inductor L f : The area product of the three phase line filter inductor L f is given as
Both the CI and three-phase line filter inductor are designed using the area product approach. The dimensions of the magnetic cores are shown in Fig. 12 . The number of turns and the cross-sectional area of the coil for both the CI and the threephase inductor L f are given in Table IV . The volume of the different materials in case of both the solutions are calculated and the results are presented in Table V . For the system parameters considered in this paper, the use of integrated inductor results in a volume reduction of the copper by 27% and a volume reduction of the laminated steel by 52%. However, the volume of the amorphous alloys increases by 10%. The total volume the integrated inductor is 15% less than that of the state-of-the-art solution.
IV. SIMULATIONS AND EXPERIMENTAL RESULTS
A. Simulation Study
Time-domain simulations have been carried out using the PLECS for the system parameters specified in Tables I and III . Fig. 13(a) . Out of these, the common flux components flow through the bridge yokes, as shown in Fig. 13(b) , whereas the circulating flux component is mainly confined in the cell and flows through the yokes, as shown in Fig. 13(c) . The peak values of the flux density in various parts of the integrated inductor matches with the analysis presented in this paper. The simulated current waveforms are shown in Fig. 14 . The integrated inductor suppresses the circulating current and offers the desired inductance to the resultant line current as shown in Fig. 14(b) and (c) . , respectively.
B. Hardware Results
The integrated inductor was designed and built for the system specified in Table I and the photograph of the implemented inductor is shown in Fig. 15 . The parameters of the integrated inductor are given in Table III . The cells were made from amorphous alloys, whereas laminated steel was used for the bridge legs. The coils are wound using the AWG 12 copper wire. The dc side of the three parallel VSCs were connected to the common dc supply of 650 V. The control was implemented using the TMS320F28346 floating point digital signal processor. The carrier signals of the three VSCs were interleaved by 120
• and the line currents are sampled and the control loop is executed on every top and bottom update of each of the carrier signals.
The VSCs were operated to inject rated line current. The phase a currents of all the VSCs along with the resultant line current are shown in Fig. 16(a) . The integrated inductor offers desired line filtering to the resultant current, which is evident from Fig. 16(a) . The current waveforms of all three phases of the VSC1 are also shown in Fig. 16(b) . The circulating current component is defined as the I a k c = I a k − (I a /3). As it is difficult to measure these quantities, the scaled version is measured, which is three times more than the actual circulating current and it is measured by passing three turns of the conductor carrying I a k and one turn of the conductor carrying current I a through the current probe. The difference of these two currents is obtained by arranging these conductors in such a manner that the current in them flows in opposite direction to each other. The scaled version of the circulating current components of each of the VSCs (3 × I a k c ) are shown in Fig. 16 , which demonstrates that the integrated inductor effectively suppresses the circulating current. Peak value of the circulating current is restricted to 20% of the amplitude of the fundamental component of the rated value of the individual VSC current.
The harmonic spectra of the resultant line current I a is shown in Fig. 17 . The major harmonic component appears at the 3 × f c and the magnitude of the harmonic components in the resultant line current is significantly small due to the inductance L f offered by the integrated inductor. The total harmonic distortion of the I a is measured to be 4.85 %, which proves the effectiveness of the integrated inductor.
V. CONCLUSION
An integrated inductor for parallel interleaved VSCs is presented in this paper. The proposed inductor integrates the functionality of three CIs and a three-phase line filter inductor. The detailed analysis of the flux density distribution in various parts of the integrated inductor is presented and the analysis has been verified by the finite-element analysis and the time-domain simulations. The design methodology has been illustrated and the integrated inductor for the three parallel interleaved VSCs has been designed. The advantage offered by the integrated inductor in terms of the size reduction is demonstrated by comparing the volume of the integrated inductor with the state-of-the-art solution of using three CIs and the three phase line filter inductor. For the system considered in this paper, the total volume of the material is reduced by 15% by using the integrated inductor. The performance of the integrated inductor is also verified by carrying out the experimental measurements.
APPENDIX
A. Derivation of Circulating Flux Component
For n = 3, the flux linkage of coil a 1 due to the circulating flux component is given by (38). The switched output voltages of phase a of individual VSCs (after multiplying the appropriate coefficients given in (38)) at the ψ = 90
• are shown in Fig. 18 . The voltage that is responsible for the circulating flux component that links with the coil a 1 ( Fig. 18 . The flux linkage achieves maximum value at time t = T s /4. In this interval, the flux linkage can be described by the piece-wise linear equations (PWLE) and it is given as Nφ a 1 
Since the Nφ a 1 ,c (t) is maximum at t = T s /4 for ψ = 0 • , the maximum value of the peak flux linkage is given as
Similarly, the voltage that is responsible for the circulating flux component that links with the coil a 1 ( • can be obtained. 
In order to obtain the common component of the flux linkage with kth coil at ψ = 90
• , it is sufficient to only evaluate the q-axis flux components. Evaluating the q-axis flux components of individual VSCs and taking their average [11] , [22] gives 
Using (77), the worst-case value of the common flux component φ a k ,l max is evaluated.
